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Abstract 
In this paper, the yearly performance of a library building located in Harbin, China, equipped with a ground-coupled 
heat pump (GCHP) system, was simulated and its ground heat exchanger (GHE) was designed in the TRNSYS 17 
environment. Utilizing the hourly load simulation results, a TRNSYS model was developed to analyze underground 
thermal balance of the entire system, obtaining the 30-year operation conditions of the reference building. According 
to simulation results, annual average storage temperature, the highest and lowest inlet temperature of the heat pump, 
factors that influence efficiency of the system, change as the number of boreholes changes. And the optimized length 
of heat exchangers was studied, as well as method of determining the concentration of antifreeze in heat-transfer fluid 
in cold regions.  
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1. Introduction 
Ground-coupled heat pump (GCHP) technologies have increasingly attracted world-wide attention due 
to their advantages of energy efficiency and environmental friendliness, and GCHP systems have been 
widely used in commercial and residential buildings in recent years [1]. Research on GCHP systems 
starting comparatively late in China, most of HVAC designers are accustomed to estimate the total length 
of buried pipes in boreholes without hourly energy simulation, which leads to unsuccessful design [2-4]. 
In that case, underground thermal balance would be destroyed, the average temperature of the ground in 
the storage volume might rise or drop significantly, thus outputs of GCHP systems could not match with 
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the actual loads, and the operational efficiency of the whole system would be greatly reduced. Carefully 
simulated and optimized GCHP system, as a means of reducing building heating and cooling energy costs 
and improving efficiency, is discussed in this paper. The required modeling detail will be also 
demonstrated in a case study.  
2. Simulation of annual dynamic loads of the building 
The conventional calculation method of the air conditioning loads is so-called “typical day operation” 
type, which concerns merely about building envelop, HVAC equipment and its control strategy [5-7]. The 
calculated results only tell peak load to provide guide for sizing of the equipment, and the design usually 
proves to be too conservative and a waste of resources. Another approach is to simulate annual dynamic 
loads of the building that GCHP system serves by modern computing tools. TRNSYS 17 software was 
employed in the building loads simulation study to predict thermal performance of the reference building, 
which is located in Harbin, China [8].  
Fig. 1. Hourly cooling loads 
Fig. 2. Hourly heating loads 
The building is a college library; February and August are holidays and left out of account. All the 
rooms are divided into different air nodes with similar design parameters. For heating operation zone 
temperature is set to 20°C with a tolerance of ±2°C. For cooling operation, the setpoint temperature is 
26°C with a tolerance of±2°C. As for other inputs, figures surpass the requirements of ASHRAE 62–
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2007 [9]. A full year’s load simulation with a time step of 1 h then was carried out by employing Type56, 
multi-zone building component. According to the results (Fig.1 and Fig. 2), when operating the system, 
433.5MWh refrigerating capacity per year and 480.7MWh useful heat per year are needed, peak cooling 
and heating loads are 412.6kW and 710.2kW, respectively. They are important data for guiding 
equipment selection.  
3. System modeling approach and simulation details 
The study was based on the assumption of ideal control. It’s assumed in the TRNSYS model that loads 
in all zones can be exactly removed by heat pump, injected into or pumped from the ground, and 
temperature of the zones keeps within the setting range. Apart from the standard utility components of the 
program, the following standard TRNSYS component models (Types) were employed in the simulation 
(Fig. 2): 
• Type 15, Weather Data Processor 
• Type 668, Water to water heat pump (modified) 
• Type 557, Vertical ground heat exchanger 
• Type682, Heating and Cooling Loads Imposed on a Flow Stream 
• Type 114, Single Speed Pump 
• Type 110, Variable Speed Pump (modified) 
External files that present dynamic characteristics of heat pump and variable speed pump were 
provided by manufacturers. The modification is essential to the realistic simulation of the control system 
and start/stop operation [10].  
Fig. 3. Layout of TRNSYS 17 underground thermal balance simulation model  
Type557 is one of the most important models in GHP library of TRNSYS. This subroutine models a 
vertical heat exchanger that interacts thermally with the ground.  This GHE model is most commonly 
used in GCHP applications. This project models U-tube GHE in which the boreholes are placed 
uniformly within a cylindrical storage volume of ground only, A heat carrier fluid is circulated through 
the GHE and either injects heat to, or absorbs heat from the ground depending on the temperatures of the 
heat carrier fluid and the ground. There is convective heat transfer within the pipes, and conductive heat 
transfer to the storage volume.  The temperature in the ground is calculated from three parts and then 
calculated using superposition methods; a global temperature, a local solution, and a steady-flux solution.  
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The global and local problems are solved with the use of an explicit finite difference method.  The steady 
flux solution is obtained analytically. Important parameters of vertical heat exchanger model are listed in 
Table 1. Ground thermal properties were primarily gained by Thermal Response Test (TRT), a popular 
method of determining geothermal properties in recent years [5]. 
Table 1. Some parameters of Type557 model 
Parameter No. Value Description 
1 124 Borehole depth(m) 
2 3.5 Header depth(m) 
3 85 Borehole radius (mm) 
4 6 No. of boreholes in series (-) 
5 -2 Negative of u-tubes/bore (-) 
6 1.8 Storage thermal conductivity (W/m-K) 
7 1.3 Fill thermal conductivity (W/m-K) 
8 0.42 Pipe thermal conductivity (W/m-K) 
9 1.4 Gap thermal conductivity (W/m-K) 
10 1.3 Reference borehole flow rate (m3/h)
11 7.12 Initial surface temperature (°C) 
4. Simulation results and discussion 
A general formulation allowing computation of average storage temperature and inlet temperature of 
heat pump for certain number of boreholes, from 120 to 240 with a step of 30 boreholes, was presented, 
while keeping other parameters constant. Shorter step is recommended in realistic design.  
4.1. Effect of boreholes on average storage temperature 
A typical graph of changes of annual average temperature in the storage region in 30 years is presented 
in Fig. 4 to reflect heat cumulative effect.  
Fig. 4. Changes of annual average storage temperature at different boreholes in 30 years 
From the curves in the graph we know, if GHE injects more heat into ground than the heat absorbed 
from it, the temperature of the storage region will continue to rise, and the operation effieciency of the 
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whole system may drop significantly, and even lead to failure. The temperature difference gets smaller 
as more boreholes are installed. However, boreholes drilling costs may occupy over 50% system 
investments. There are no uniform international standards of average storage temperature difference 
between the 30th year and the inicial temperature; A tolerance of ±5°C for proper sizing of GHE is 
recommended in this paper.   
4.2. Effect of boreholes on the highest inlet temperature of heat pump 
A typical graph of changes of annual highest inlet temperature of heat pump in 30 years is presented in 
Fig. 5 to reflect operational efficiency of heat pump.  
Temperature changes in the storage volume will affect the inlet temperature of heat pump, thus 
influence the performance coefficient of the unit. In order to ensure high efficient, stable and long-term 
running of GCHP system, the highest inlet temperature should keep stable in a reasonable range, better 
less than 30 °C. 
Fig. 5. Changes of annual highest inlet temperature of heat pump at different boreholes in 30 years 
4.3. Effect of boreholes on the lowest inlet temperature of heat pump 
A typical graph of changes of annual lowest inlet temperature of heat pump in 30 years is presented in 
Fig. 6 to help determinate the concentration of antifreeze in the heat-transfer fluid in cold regions.  
Fig. 6. Changes of annual highest inlet temperature of heat pump at different boreholes in 30 years 
Antifreeze, coefficient of viscosity of which is higher than water, have a corrosive action on metals. 
Systems with antifreeze usually consume more pump energy, and costs of investment, operation and 
maintenance increase obviously. The lowest inlet temperature of heat pump gets higher as more boreholes 
are installed. Lower concentration of antifreeze is better for the system, and the simulation results can be 
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a reference standard for determination. In this case, the concentration of antifreeze at the lowest 
temperature of -1℃ can meet the need.  
Taking three influence factors above into consideration, 180 boreholes are needed in the GHE design. 
5. Conclusion remarks 
Detailed simulation of the building envelope, HVAC equipment and its control system is increasingly 
applied in GCHP systems design optimization. A demonstration case study is presented here. 
• Dynamic load simulation and underground thermal balance analysis are recommended to take into use 
in the design of GCHP systems design by TRNSYS software.  
• TRT should be done to calculate ground thermal properties which are essential inputs of GHE model 
in simulation.   
• Three important factors are discussed to obtain the optimized number of boreholes in the GHE. 
• Less than 30°C, the highest inlet temperature in the 30th year, is recommended for better operation of 
the GCHP systems. 
• For cold regions, the lowest inlet temperature of heat pump can be treated as a reference standard for 
determining the concentration of antifreeze. 
The study presented in this paper is continuing, with further development of the systems models, 
numerical analysis and optimization. The proposed methodology, despite the added modeling complexity, 
is proven worthwhile in providing more realistic routes of system optimization. 
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